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ABSTRACT 

Amorphous  carbon  nitride  films  (a-CNx)  were  synthesized  by  using  single  ion 
beam  sputtering  of  a graphite  target  in  argon  and  nitrogen  sputtering  gases.  This  thin 
film  could  be  used  as  a novel  photovoltaic  material.  The  films  were  characterized  with 
the  technique  of  laser  Raman,  spectroscopic  ellipsometry  and  electron  spin  resonance 
spectrometer  (ESR).  In  this  paper  we  report  the  effects  of  ion  impacting  and 
nitrogenation  on  the  microstructure,  density  of  defect  states,  bonding  character, 
optical  and  photovoltaic  properties.  Effective  decreasing  of  intensity  of  the  ESR 
signal  and  formation  of  C-N  bonding  were  observed,  which  could  be  attributed  to  the 
increment  of  the  impinging  ions  on  the  growing  films.  The  nitrogenation  of  a-CN, 
films  could  decrease  the  Tauc  optical  gap  (0.62~0.86eV)  and  the  intensity  of  ESR 
signal,  increase  photon  absorption  coefficient  of  the  films  (10*~10‘*cm''). 

The  primary  photovoltaic  values  of  the  devices  having  Schottky  structure  of 
ITO/CNx/Al  are  he  1 .56  p A/cm^  and  Woe  250  mV,  respectively,  when  exposed  to 
AMI. 5 illumination  ( 100mW/cm^  25‘C). 

INTRODUCTION 

The  interest  in  carbon  nitride  thin  films  was  referred  to  the  theoretical  calculation 
of  its  possible  crystal  structure  P -C3N4in  1980s  [1,2].  This  crystalline  alloy  is 
claimed  in  the  ranking  of  hardest  materials.  Since  that  time,  many  efforts  have  carried 
out  to  synthesis  this  new  crystal  material  with  less  success  [3].  Actually,  the  carbon 
nitride  films  with  amorphous  structure  might  be  a rather  promising  novel  electronic 
material  considering  its  electrical,  optical  properties  can  be  controlled  by  changing  the 
concentration  of  nitrogen  atoms  in  the  thin  films  or  by  choosing  different  deposition 
processes  [3,4].  This  new  material  possesses  some  peculiar  properties,  such  as 
negative  electron  affinity,  low  dielectric  constant  and  high  photoconductive  gain,  so  it 
could  be  used  on  field  emitting  displays,  interlayer  of  integration  circuits  and 
photovoltaic  devices  [5-7].  The  synthesis  of  carbon  nitride  films  can  be  achieved  with 
variety  techniques,  such  as  plasma  enhanced  CVD  [8,9],  unbalanced  magnetron 
sputtering  [10],  ion-beam  deposition  [11],  laser  ablation  and  FCVA  [12,13].  In  all  of 
these  processes,  the  ion  bombardment  during  the  deposition  is  one  of  the  most 
important  factors,  which  affects  the  bonding  structure,  electronic  and  optical 
properties  of  thin  films.  In  this  work,  the  films  we  studied  were  deposited  by  the 
method  of  single  ion  beam  sputtering  process  (SIBS).  We  mainly  studied  the  effects  of 
ion  bombardment  and  nitrogenation  processing  conditions  on  the  properties  of  the 
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amorphous  carbon  nitride  thin  films  for  photovoltaic  application.  We  adjusted  the 
amount  of  the  energetic  ions  bombarding  on  the  films,  and  successfully  controlled  the 
bonding  configuration  and  many  other  properties.  Some  protocol  Schottky  thin  film 
solar  cells  with  the  structure  of  ITO/a-CNx/AI  were  fabricated  in  order  to  investigate 
the  photoactive  property  of  the  a-CN*  thin  film  material. 

EXPERIMENTAL  DETAILS 

The  deposition  equipment  for  a-CN,  thin  films  is  a set  of  single  ion  beam 
sputtering  instrument  with  a Kaufman  ion  source.  The  synthesizing  .system  also 
consists  of  a diffusion  pump,  water-cooled  target  holder  and  substrate  holder.  The 
background  and  operating  pressure  in  the  vacuum  chamber  arc  better  than  1 X 10^  Pa 
and  3X10'^  Pa,  respectively.  A high  purity  graphite  target  (99.95%)  was  used  as 
.sputtering  target.  Nitrogen  with  high  purity  (99.999%)  was  used  for  both  sputtering 
ions  to  bombard  the  target  and  nitrogen  species  to  incorporate  with  carbon  ions  in  the 
films.  Nitrogen  gas  was  ionized  and  extracted  by  powerful  electrical  field  produced  by 
accelerating  grid  electrode.  An  energetic  ion  beam  was  formed,  which  provided  both 
sputtering  ions  and  reacting  nitrogen  precursors.  The  energy  and  current  intensity  of 
the  ions  coming  from  the  ion  beam  source  were  740cV  and  65mA/cm^  The  substrate 
holder,  with  an  ion  beam  impact  angle  of  about  80  degrees,  between  ion  beam  and 
normal  line  of  substrate  surface,  consLsted  of  a water-cooled  copper  plate,  which  kept 
substrates  at  ambient  temperature  during  the  deposition.  We  use  two  kinds  of 
substrates:  quartz  sheets  coated  with  ITO  for  Schottky  solar  cell  processing  and 
polished  silicon  wafers  for  characterization  of  a-CN,  thin  film. 

The  structure  of  carbon  nitride  thin  film  solar  cells  ITO/a-CNx/AI  was  described 
elsewhere  [14,15].  A number  of  Schottky  solar  cells  having  this  structure  were 
produced  ba.sed  on  a set  of  depositing  conditions.  We  found  that  only  a portion  of 
these  solar  cells  showed  a testable  photovoltaic  performance.  We  tried  to  obtain  the 
correlation  between  the  process  condition  and  their  photoexcited  character  below. 

MEASUREMENT  AND  DISCUSSION 

In  order  to  recognize  this  new  material,  we  use  some  modern  probes  including 
laser  Raman,  ESR  and  spectral  ellipsometry  for  characterization. 


In  variable  angle  spectral 
ellipsometry  (VASE) 
measurement,  we  can  change 
the  polarization  of  light  as  a 
function  of  angle  and 
wavelength  when  light  is 
reflected  from  or  transmitted 
through  a sample.  The 
samples  used  for  .spectral 
ellip.sometry  test  were 


Spectral  ellipsometry  test 


Table  T .Deposition  condition  and  te.st  results  for 
three  typical  samples. 


A 

B 

C 

Incident  angle  S (degree) 

75 

85 

75 

N/(N+Ar)  pressure  rate 

0.5 

0.5 

1 

Dr  (nm) 

5.67 

o.n 

5.4.5 

D..CS,  (nm) 

l(X).7 

1.55.9 

120.1 

Tauc's  optical  band  gap  (eV) 

0.86 

0.74 

0.62 
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lA(cm  ) 


prepared  on  silicon  substrates.  The  optical  model  for  the  test  is  composed  of  three 
layers,  the  first  one  is  the  surface  roughness  whose  thickness  Dr  is  about  several 
nanometers,  the  second  is  a-CNx  layer  described  by  the  Lorentz  model  and  the  third  is 
the  Si02  substrate  whose  thickness  is  supposed  to  be  infinite.  The  experimental  results 
(including  the  concentration  of  nitrogen  gas  in  the  sputtering  gases  and  ion  impact 
angle  9 ) for  three  typical  samples  are  listed  in  table  I .The  substrates  would  receive 
more  bombarding  ions  under  the  condition  of  smaller  ion  impact  angle  9 . So  the  fdms 
we  get  have  a larger  thickness  of  roughness  layer. 

The  spectra  for  the  complex  refractive  index  as  a function  of  optical  wavelength 
for  the  three  typical  a-CNx  films  (A,  B,  C)  are  shown  in  figure  l.(a)  (b).  The  curves 


exhibit  a smooth 
behavior,  which  is 
the  characteristic  of 
amorphous 
semiconductor[  1 6]. 
The  values  of  n (E) 
and  k (E)  are  in  the 
ranges  1 .6-2.2  and 


Figure  1.  Spectra  of  the  complex  refractive  index  of  the 
a-CNx  films  for  three  typical  depositing  conditions  (a) 
Refractive  index  n vs.  wavelength  (b)  Extinction  coefficient 
k vs.  wavelength 


0. 1 -0.6,  respectively. 
In  the  short 
wavelength  region, 
for  small  impact 


angle  9 , we  observed  higher  values  of  n and  lower  values  of  k,  as  in  Fig.  1 (a,  b).  The 


sample  (A)  shows  lower  extinction  coefficient  than  the  samples  (B)  and  (C).  This  can 


be  attributed  to  a relative  low  concentration  of  nitrogen  in  the  sputtering  gases  and  a 


smaller  incident  angle  of  the  ion  beam,  which  correlates  with  a trend  toward  better 


diamond-like  properties.  A higher  concentration  of  nitrogen  in  the  sputtering  gases 
corresponds  to  a higher  k as  shown  in  Fig.  1(b). 
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Figure  2 shows  the  variation  of  optical 
absorption  coefficient  a as  a function  of  the  optical 
wavelength,  which  was  obtained  from  ellipsometry 
test  results.  We  find  that  the  absorption  coefficient 
in  the  region  SOOnm  -llOOnm  is  about  lx 
10^-2x10'  'em  ',  which  is  higher  than  that  of  a-Si:H 
thin  films  and  ari.ses  from  transitions  between 
localized  states. 


Figure  2.  Variation  of  optical 
absorption  with  photon 
wavelength 


We  obtain  the  optical  gap  Eo  defined  by  the 
formula  (1)  from  the  curves  of  the  versus 


photon  energy  E , shown  in  Fig. 3.  Deviations  of 
the  data  from  linearity  at  low  energies  arise  from  transitions  in  exponential  band  tails 
below  the  absorption  edge  and  are  characteri.stic  of  amorphous  semiconductors. 
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(1) 


o}~e^{o))=  B{hco-E„y 

By  extrapolating  the  liner  parts  to  the  energy  axis,  the  values  so  obtained  are  in 

the  range  0.62  ~ 0.86eV^  , which  depends  on 
the  different  depositing  conditions.  Sample  A, 
deposited  with  a lower  nitrogen  concentration  in 
working  gases  and  lower  ion  impact  angle, 
posses.ses  a higher  optical  gap  0.86eV  . Sample 
C,  with  a high  concentration  of  nitrogen  in 
working  gas,  shows  a relatively  smaller  optical 
gap  0.62eV . 

Raman  test 

Raman  spectroscopy  is  a non-destructive 
method  for  niea.suring  the  bonding  .structure  of 
materials.  Usually,  the  sp^  contribution  is  always 
dominant  in  a Raman  spectrum  because  the  .sp^ 
bonding  is  more  sensitive  to  visible  laser  light.  Therefore,  the  Raman  spectra  are 
dominated  by  G peak  at  about  1580  cm  ' and  D peak  around  about  1350  cm  '.  A.C. 
Ferrari  and  J.  Robert.son  once  made  a full  interpretation  of  Raman  spectra  for 
amorphous  and  graphic  carbon  films  [17].  In  our  work,  Raman  spectra  of  our  carbon 
nitride  films  were  obtained  using  Dilor  Raman  spectrometer  (Ne-He  laser,  excitation 
wavelength  633  nm).  Spectra  were  recorded  from  wavenumbers  800cm  ' to  1800  cm'' 
shown  in  Fig.  4.  The  950  cm  ' peak  arises  from  the  silicon  substrate  [18]. 

The  conclusion  of  peak  fitting  with  gaussian 
functions  explicitly  shows  three  peaks  situated 
at  the  centers  of  about  1370  cm',  1570  cm'  and 
1240cm  ',  as  seen  in  Fig. 5 (deconvoluted 
spectra  of  sample  A and  B are  not  given  here). 
The  fir.st  two  are  definitely  contributed  from 
D-band  (disordered  band)  and  G-band  (graphite 
band),  respectively,  which  is  the  same  as  the 
previous  research  report  on  amorphous  carbon. 
Here,  the  1240cm  ' peaks  are  designated  the  N 
band  for  the  origin  of  1 240cm  ' peak  is 
postulated  to  be  due  to  C-N  stretching  bonding 
as  reference  [19]  mentioned. 

The  C=N  peak  in  the  Ref.  [ 1 8]  should 
located  at  -1450  cm  ' which  was  not  recognized 
in  our  deconvoluted  spectra.  The  position  of  N band  peak  was  considered  to  .shift  to 
lower  wave  numbers  in  our  sample  C.  The  relative  intensity  of  D and  G peaks  (lu/lo) 
can  be  taken  to  indicate  relative  sp’/sp^  ratio  indirectly,  also  the  relative  intensity  of  N 
and  G peaks  (In/Ig)  was  supposed  to  show  the  nitrogen  relative  concentration  in  the 
films  qualitatively.  The  conclusion  was  listed  in  table  II . 


Figure  4.  Raman  spectra  of 
amorphous  carbon  nitride  thin 
films.  D-band  and  G-band  are 
located  at  about  1350  cm"' 
and  1580  cm  ',  re.spectively 


Figure  3.  Tauc-plots  for 
determining  the  optical  band 
gap  of  three  .samples  A,  B,  C 


414 


ESR  signal  intensiw  ( a. 


o 


Figure  5.  Deconvoluted 
spectra  of  sample  C 
thin  film  surface  is  to  remove 
weak  and  unstable  bonds.  As  the 


The  tendency  of  variation  of  the  G position  with  the 
amount  of  bombarding  ions  received  by  substrates  was 
coincident  with  the  results  discussed  in  reference  [16]. 
Comparing  sample  A with  C and  B,  we  could  get  that  the 
nitrogenation  and  ion  bombarding  initiate  a red  shift  of  the  G 
band  position.  A higher  rate  of  Id/Io  corresponds  to  a lower 
ratio  of  spVsp\  which  was  reported  in  the  paper  [16]  and 
many  other  literatures  [18].  The  function  of  ion  striking  the 

Table  n .Deposition  condition  and  Raman  te.st 
results  for  three  typical  samples. 


ion  bombarding,  CN  trip-bond  is  removed  easily,  C=N  is  partially  removed  and  C-N  is  preserved. 
This  result  is  consistent  with  the 
known  stability  of  the  bond 
structure  of  carbon  and  nitrogen 
[20].  It  also  lowers  the  rate  of  lu/Ici, 
however,  nitrogenation  can 
promote  the  rate  of  loAc,. 

Therefore,  the  spVsp^  ratio  of  the 
sample  A is  higher  than  that  of  the 
other  two.  The  relative  nitrogen 
concentration  in  the  film  C is 


A 

B 

C 

Incident  angle  # (degree) 

75 

85 

75 

N/(N+Ar)  pressure  rate 

0.5 

0.5 

1 

G band  (cm"') 

1575 

1568 

1566 

D band  (cm"') 

1370 

1371 

1374 

N band  (cm"') 

1251 

1261 

1228 

WIg 

1.04 

1.06 

1.10 

InAg 

0.66 

0.60 

0.69 

PV  performance  of  Schottky 
solar  cells 

Poor 

Poor 

Good 

highest  among  the  three  samples.  Its  atomic  percentage  of  nitrogen  is  16  % tested  by  XPS 
techniques  in  the  Ref.[15],  which  have  been  shown  in  our  previous  work  [15]. 

The  sample  C has  another  apparent  difference  compared  with  A and  B.  It  has  much 
lower  N band  position  1228cm‘‘,  while  that  of  sample  A and  B are  1251  cm"'  and 
1261  cm’'. 


Electron  Spin  Resonance  spectra  and  photovoltaic  property 

In  order  to  compare  unpaired  electron  densities 
of  different  samples,  we  measure  the  ESR  spectra 
by  using  a conventional  Bruker  electron  spin 
re.sonance  spectrometer  (ER200D-ESR  X-band, 
Modulator  frequency  lOOkHz).  ESR  measurements 
were  made  at  room  temperature.  The  g values 
obtained  from  the  ESR  spectra  of  all  samples  were 
found  to  be  about  2.0006  and  peak-to-peak  width 
was  found  to  lie  in  a wide  range  5~12G  as  shown 
in  Fig.  6.  Sample  C had  a lowest  relative  electron 
spin  density  and  a trongest  photovoltaic  signal 
among  all  samples.  Ion  bombarding  and 
nitrogenation  have  a diminution  function,  or 
passivation  effect,  to  the  defect  states,  which 


Magnetic  field  ( gauss ) 

Figure  6.  Electronic  .spin 
resonance  spectrum  of  a-CNx 
sample  C.  Sample  A and  B has 
much  more  intensive  ESR  signal 
than  sample  C 
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usually  exist  in  amorphous  materials.  The  Schottky  junction  made  from  sample  C 
exhibited  open  circuit  voltage  250mV  and  short  circuit  current  1.56  u A/cm^ 

CONCLUSION 

Ion  impacting  to  the  films  and  nitrogenation  during  deposition  play  key  roles  on 
the  properties  of  photovoltaic  application  orientated  amorphous  carbon  nitride  films. 
They  could  effectively  decrease  electron  spin  resonance  density,  promote  the 
photo-activity.  They  could  increase  the  C-N  bonding  which  could  be  accountable  for 
the  photoactive  character  of  the  films.  Ion  impinging  can  incrca.se  optical  band  gap, 
decrease  photon  absorption  while  nitrogenation  has  an  opposite  effect.  How  to  retain 
their  advantages  and  diminish  their  negative  function  to  meet  the  photovoltaic 
requirement  is  a task  for  the  future  work. 
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